A ruthenium complex containing silatrane functional groups has been synthesized and covalently bound to a conductive metal oxide film composed of nanoparticulate ITO (nanoITO). The silatrane-derived siloxane surface anchors were found to be stable in the examined range of pH 2 to 11 in aqueous phosphate buffer, and the ruthenium complex was found to have stable electrochemical features with repeated electrochemical cycling. The noncoordinating properties of the silatrane group to metals, which facilitates synthesis of silatrane-labeled coordination complexes, together with the facile surface-binding procedure, robustness of the surface linkages, and stability of the electrochemical properties suggest that incorporating silatrane motifs into ligands for inorganic complexes provides superior properties for attachment of catalysts to metal oxide surfaces under aqueous conditions.
Water-stable surface anchors for attachment of molecular complexes to metal oxides are needed for functional materials used in heterogeneous catalysis and aqueous photoelectrochemical devices. [1] [2] [3] [4] [5] [6] [7] [8] Surfaces with immobilized inorganic compounds are of great importance for heterogeneous catalysis, especially for alternative energy applications where water oxidation and proton reduction catalysts are widely studied. 1, 2, [4] [5] [6] [7] [9] [10] [11] [12] [13] [14] A range of artificial photosynthetic devices operate in water. 9, [15] [16] [17] [18] In addition, due to the varying pH stability profiles of components (catalysts, photosensitizers, electrodes, etc.) in these devices, systems need to be stable over a wide pH range in aqueous media. Recent developments to increase the stability of covalently bound dyes and catalysts onto metal oxide surfaces have involved using atomic layer deposition (ALD) of metal oxides as a protecting layer or by using water-stable surface anchoring groups linked to the molecules for strong surface attachment. 4, 17, 19, 20 Molecular precursors for surface-anchoring to metal oxides have been widely studied and include carboxylic acids, phosphonic acids, triethoxysilanes, acetylacetonate, hydroxamic acids, and silatranes. 1, [4] [5] [6] [7] 13, 14, [21] [22] [23] Tripodal anchoring groups have been utilized due to their higher stability on surfaces. 2 Among water-stable anchoring groups, silatranes are of particular interest because they are non-protic, non-ionic, and form strong siloxane surface bonds to metal oxides. In addition, the caged trialkoxysilane precursor contains a pentacoordinate silicon atom, making the silatrane resistant to hydrolysis compared to the more commonly used non-caged silane analogues. 5, 24, 25 Porphyrins and Ru dyes containing silatrane groups have been bound to metal oxides for use in photoelectrochemical cells (PECs) and were found to have increased resistance to hydrolysis relative to phosphonic acids and carboxylic acids. 5, 6 These features make the silatrane a promising anchoring group for binding inorganic complexes to metal oxides. The Ru complex 1 shown in Fig. 1 containing two silatrane groups was synthesized, and its behavior on high surface area films composed of nanoparticulate indium tin oxide (nanoITO) was studied. Complex 1 is a derivative of Table S1 ). See DOI: 10.1039/ c5dt03463a [Ru(Mebimpy)(bpy)Cl]Cl, Mebimpy = 2,6-bis(1-methylbenzimidazole-2-yl)pyridine and bpy = 2,2′-bipyridine, that has been reported as a water-oxidation catalyst in homogeneous solution 26 as well as a heterogenized catalyst using phosphonate anchoring groups to a metal oxide surface. 1 This complex was chosen as a model catalyst containing an exchangeable coordination site on Ru to show the practicality of incorporating silatranes into inorganic complexes for covalent binding to metal oxide surfaces. The silatrane group is shown to not only provide excellent stability for anchoring an inorganic coordination compound to a metal oxide surface but also to enable synthesis of the inorganic complex-silatrane conjugate without complications from binding of the anchoring group to the metal center of the complex.
Complex 1 was synthesized by modifying a procedure 26 for the synthesis of [Ru(Mebimpy)(bpy)Cl]Cl by substituting the bpy ligand for a bpy-silatrane (bpy-Sil) ligand during the synthesis. The bpy-Sil ligand precursors were prepared by a known procedure. 5 Complex 1 was prepared by stirring [Ru(Mebimpy)(bpy-Sil)Cl]Cl in MeOH with AgNO 3 overnight and filtering off the resulting AgCl; further synthetic details can be found in the ESI. † Interestingly, the silatrane functional group did not decompose or react with the ruthenium metal center during the synthesis of 1. As surface-anchoring functional groups are designed to chelate metals, stability during formation of an inorganic complex is crucial. Functional groups with strong metal oxide binding, such as hydroxamic acids, have been found to be incompatible during synthesis of some metal complexes due to their strong propensity to chelate. 7, 27 The silatrane is protected from these side-reactions due to its caged structure.
Meyer and coworkers have previously reported enhanced rates of water oxidation for ruthenium water-oxidation catalysts covalently bound using phosphonate anchoring groups to nanoITO electrodes. 1 The nanoITO electrodes aid in the higher rates since they are a high surface area nanoparticulate material; they are also optically transparent and have a high electrical conductivity. As a result, catalyst-chromophore assemblies have been developed using these electrodes. 1, 11, [28] [29] [30] Conductive nanoITO electrodes composed of sintered nanoparticles on a fluorinated tin oxide (FTO) substrate were prepared by known methods 22, 28 and were functionalized by soaking in a 0.3 mM solution of 1 for three hours at 70°C; the proposed surface attachment can be seen in Fig. 1 . After three hours, the surface coverage of complex 1 was calculated from UV-visible spectroscopic measurements using Γ = A(λ)/(ε(λ) × 10 3 ), where A and ε are the absorbance and molar absorptivities at wavelength λ = 479 nm. The molar absorptivity, ε(479 nm) = 8430 M −1 cm −1 , was based on measurements of complex 1 in acetonitrile; molar absorptivity data can be found in the ESI (Fig. S1 †) . Approximately 35 nmol cm −2 was found to be the surface coverage after three hours, which agrees with the saturated surface coverages of the previously reported phosphonate anchored complex. 1 The silatrane cage deprotects on the metal oxide surface to form siloxyl bonds as described previously. 6 Deprotection of the silatrane has been shown to occur on both TiO 2 and SnO 2 surfaces. 5 Fig. 2 shows the UV-visible spectra of the nanoITO electrodes sensitized with complex 1 (nanoITO-1) and complex 1 dissolved in acetonitrile. The spectra have nearly identical features, although the absorption peaks are somewhat broadened in the nanoITO-1 spectrum due to light scattering in the film. The similarities suggest that the molecular structure on the surface has not changed upon surface adsorption.
Cyclic voltammetry (CV) of the functionalized electrode nanoITO-1 was performed in phosphate-buffered aqueous solutions from pH 2 to 11. The CVs of nanoITO-1 at pH 7 with varying scan rates are shown in Fig. 3 . The electrochemical data collected under the remaining pH conditions can be found in the ESI (Fig. S2 †) . Three distinct redox features were observed with midpoint potentials that agree with those of similar ruthenium complexes. 1 The redox feature at 0.45 V vs. NHE at pH 7 has been described as a Ru IV (OO) 2+ /Ru III (OOH) 2+ or Ru III -(OOH) 2+ /Ru II (HOOH) 2+ intermediate that forms in an aqueous environment; this has been observed with a similarly ligated ruthenium water-oxidation catalyst. 1, 31 This feature is only observed after the first voltametric cycle. The second feature at 0.77 V is due to the Ru II/III couple, and the third feature at 1.16 V is due to the Ru III/IV couple. 1 Fig. 3 (as well as Fig. S2 and Table S1 †) indicates that anodic and cathodic peak separations approach 0 mV as scan rates decrease under all pH conditions, suggesting that 1 is a surface-bound species. Further evidence for a surface species is shown in Fig. 3 (and Fig. S2 †) where plots of scan rate vs. anodic peak Faradaic current are linear.
The Ru II/III and Ru III/IV midpoint potentials were found to vary with pH, but less than the theoretical 59 mV/pH unit (Table S1 †). 1 The complicated effects of electrolyte anions on electrochemical analyses have been previously studied, and these are likely to be playing a role in our electrochemical features. 32, 33 Hydrolytic and chemical stability of the ruthenium complex were examined by repeated CV cycling in aqueous buffered phosphate solutions at pH 7, 8 and 11 (Fig. S3 †) . Under all conditions, the redox features remained consistent in their midpoint potentials, ratio and intensity, suggesting that compound 1 is both chemically stable under these alkaline con- 
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This ditions and very strongly bound to the nanoITO electrode. A 100 mV s −1 scan rate was chosen for this experiment because this provided the most resolved redox features. To further show the stability of the anchored complex, CVs of the phosphate electrolyte at pH 2 and pH 11 were performed using a nanoITO blank electrode after 30 minute electrolyses of nanoITO-1 with a 1.4 V vs. NHE applied bias. These CVs were compared to fresh phosphate electrolyte and were found to be identical. This provides further evidence that complex 1 remained surface bound and did not appreciably leach into the electrolyte during electrolysis (Fig. S4 †) . Compared with carboxylate and phosphonate anchoring groups, silatranes make an excellent surface anchoring group due to their stability under acidic, neutral, and basic conditions. 3, 34, 35 Complexes that can be characterized pre-and post-surface binding aid in characterizing the surface-bound complex. 1,4,10 UV-visible spectra, shown in Fig. 2 , and cyclic voltammetry of 1 on nanoITO ( Fig. 3 and S2 †) and in solution ( Fig. S5 †) help support the hypothesized surface structure. The silatrane precursor is electrochemically stable in solution, and has similar redox features to the surface-bound complex. These comparisons provide a good basis for understanding the surfacebound ruthenium complex.
Conclusions
Here we showed the use of the silatrane functional group to bind an inorganic complex to a metal oxide surface. From the above synthetic and electrochemical results, it is evident that incorporating silatrane groups into ligands can be a useful way to bind inorganic transition metal complexes to surfaces due to the non-reactivity of silatranes with metal centers during synthesis, their ability to form strong surface bonds to metal oxides that are resistant to hydrolysis, and their electrochemical stability. The pH stability range of silatranes has not yet been completely established, as we did not observe loss of surface-bound material during our experiments between pH 2 and 11; the limits of the siloxane surface-bond stability in water is being further investigated. These favorable characteristics of silatranes make them a great addition to the field of heterogeneous catalysis. Additional analyses of silatrane surface binding to metal oxide surfaces and applications are currently ongoing. 
